Water data networks are increasingly being integrated to answer complex scientific questions that often span large geographical areas and cross political borders. Data heterogeneity is a major obstacle that impedes interoperability within and between such networks. It is resolved here for groundwater data at five levels of interoperability, within a Spatial Data Infrastructure architecture.
Such sharing is generally complex, because the data are segmented among multiple data providers at the watershed, State, Provincial, and Federal levels, on each side of the border. This greatly amplifies the overall heterogeneity of the data, making cross-border groundwater data difficult to find and use. To ease data access, and overcome segmentation and heterogeneity, Federal agencies in Canada and the United States are developing data networks that provide a united view over the distributed data sources: the Canadian Groundwater Information Network (GIN) and the US National Ground-Water Monitoring Network (NGWMN).
After mutual experimentation (Brodaric & Booth ; Brodaric et al. ) , these two data networks have become increasingly interoperable: as a result, the data holdings of one network can be seen as an extension of the other network, such that data are exchanged seamlessly and automatically between networks, and any of the total pool of data can potentially be accessed from either network.
Such interoperability is achieved through the implementation of a variety of international open geospatial data standards, and the development of a novel solution for North American groundwater data at five levels of interoperability: systems, syntax, structure, semantics, and pragmatics (Sheth ; Brodaric ) . While the technical approaches adopted by the data networks at each level are generally well known, architectures for hydro interoperability have not yet been framed using the five levels, and the depth of implementation at each level is also new for hydro interoperability. GIN and NGWMN also represent the first national and international data networks for groundwater data. This work therefore makes the following original contributions: (1) it establishes a five-level architecture for hydro data interoperability in which each level is developed extensively; (2) it links and harmonizes national groundwater data from the United States and Canada, thereby representing a significant new online resource for the data. 
GROUNDWATER DATA HETEROGENEITY
Prominent requirements and usage scenarios for groundwater data interoperability are described in Boisvert & Brodaric () . An additional key usage scenario is transborder aquifer management in which it is essential for international neighbors to seamlessly exchange information about aquifers located on both sides of the shared border, and where data are provided by Federal, State and Provincial sources. These usage scenarios require a groundwater data network to return data in response to queries for a variety of groundwater features, from multiple data sources.
These features include, for example, water wells, aquifers, water bodies, and management areas, in addition to observations related to these features, such as time-indexed groundwater levels. The main obstacle to be overcome is data heterogeneity, as the representation of features and observations often varies greatly between and within data networks. Data heterogeneity is a by-product of the multiplicity of groundwater data providers in a data network, inasmuch as each provider typically utilizes different database systems, data structures, transfer formats, etc. Such heterogeneity is inherent in the water well records shown in Figure 1 , which originate from different sides of the Figure 3 . These levels equally apply to any form of data interoperability, including within a data network or between data networks.
• Systems: refers to hardware or software elements required for core functions such as message passing or data manipulation, and largely involve platform aspects such as operating systems, transmission protocols (e.g., Hypertext Transfer Protocol (HTTP)), or particular database limits (e.g., maximum record size or maximum number of points in a polygon). Systems interoperability involves overcoming heterogeneity in such aspects.
• Syntax: refers to the language used to encode a message, including requests for data as well as the actual data content. Syntax includes a language's alphabet, words, and grammar, and it can be abstract or concrete: for example, the Resource Description Framework (RDF) language has an abstract syntax composed of nested triples, as well as several concrete encodings such as RDF/XML or Turtle. Syntax interoperability thus involves • Structure: refers to the arrangement of the parts of a message, such as representing something as one entity or many (e.g., the diverse structures for well intervals in Figure 1 ). can be seen to refer to two things, somewhat ambiguously:
(1) a suite of technological and social approaches weighted towards SOA, which constitute an infrastructure; and (2) an interlinked collection of specific data sets and codes that implement these approaches, which constitute a net- • Linked Open Data: also aim to connect data on the web, however, primarily via WOA. LOD refines WOA principles by distinguishing between (a) web-resolvable identifiers (URIs) that return useful structured information about data, (b) a web page, and (c) its type definition, and also by promoting connectivity within and between these resources (Kuhn et al. ) . LOD also adopts the Semantic Web stack, and thus supports all interoperability levels, but explicitly omits schemas inasmuch as structure constraints can be implicitly handled at the semantic and pragmatic levels. Semantics is tightly integrated, with intrinsic support for ontologies via RDF, Web Ontology Language (OWL), and related languages. LOD architectures are migrating from centralized to distributed approaches, which are strongly pluralistic and dynamic, particularly for knowledge artifacts such as ontologies. As a result, some aspects of these artifacts can often be discovered on-the-fly without adherence to preset and fixed content standards. Integration of LOD and SDI approaches is an ongoing concern (Schade & Smits ; Harvey et al. ).
Geospatial data interoperability networks
A geospatial data interoperability network is a group of geospatial data providers that interact using a particular implementation of an infrastructure. 
RELATED WORK
Data interoperability has been widely researched theoretically with diverse applications in many disciplines. Of relevance here is the interoperability of geospatial, hydrological, and groundwater data, and the evolution and transference of approaches from the geospatial to hydrological to groundwater domains.
• Geospatial data interoperability: interoperability levels for geospatial data ( and are not represented comprehensively, and semantics support is focused primarily on data discovery rather than data delivery.
• Groundwater data interoperability: until recently the con- 
GIN and NGWMN interoperability workflow
Addition of a data source to either data network involves registration of source details in the network's metadata catalog. This involves registration of artifacts at all five levels of interoperability, including web service locations (systems) and profiles for their invocation (pragmatics), as well as a mapping between source data and the network for each language-specific encoding (syntax) of a source schema (structure) and vocabulary (semantics). Once these are registered, the data networks can interoperate with the data sources.
GIN's centralized mediator is the core functional component for such interoperability, as it receives and responds to data requests, and in doing so it carries out distribution and translation functions. Requests for data originate from either human-driven web clients (e.g., the GIN portal) or machine-driven applications (e.g., external applications or its own data harvester). A request is made by calling an external web service, which triggers the mediator. The mediator determines which data sources, or 
GIN and NGWMN levels of interoperability
The translation component within an interoperability architecture requires messages, primarily data requests and responses, to be transformed at each interoperability level.
To compare interoperability strategies at each level, it is then useful to delineate between inter-network and intra-network interoperability: inter-network strategies consider interoperability approaches solely between GIN and NGWMN, while intra-network strategies are focused on approaches between a data network and its source data from Provincial and State agencies.
For inter-network interoperability, heterogeneity is largely eliminated between the data networks due to the adoption of common standards at each level. Consequently, many common knowledge artifacts, such as queries or schema, need not be transformed between the data networks; transformation is only required for a few disparities, such as some diverse vocabularies. Common aspects are restricted to certain core datatypes and functionality, and these represent a subset of the resources available for each data network. For example, NGWMN includes water quality data and some REST-conformant interfaces, whereas GIN does not. Inter-network interoperability is thus targeted at key overlapping data types and functions, and translation of knowledge artifacts is largely focused on the semantic level.
The same does not hold for intra-network interoperability, as heterogeneity prevails between the data sources and the common standards used by the data networks. Transformations are then required at each level to ensure intra-network interoperability. GIN and NGWMN utilize various strategies at each level to achieve intra-network interoperability.
In greater detail, the inter-network and intra-network interoperability approaches utilized at each level involve the following.
• GIN and NGWMN system interoperability: 
DEMONSTRATION OF RESULTS
Data interoperability between and within GIN and NGWMN is illustrated in Figures 5 and 6 , and as a consequence these figures also show that the data heterogeneity in Figures 1 and 2 is appropriately resolved. Figures 5(a) and 5 sources due to local server conditions. Performance details for downloading multiple wells using GIN are described in Boisvert & Brodaric () , and range from ∼2 seconds (50 wells) to 142 seconds (5,000 wells): this includes retrieval of data from two sources, translation across the five levels, and integration into a single file result. 
CONCLUSIONS AND FUTURE DIRECTIONS
Accompanying the rapid growth of online water data networks is an interoperability need: the quicker and larger such networks grow, the greater is the need to have them function in unison. All comprehensive solutions to this interoperability problem must align data at five levels, system, syntax, structure, semantics, and pragmatics, regardless of the adoption of any particular interoperability architecture.
The GIN and NGWMN data networks exemplify how conformance to international standards and SDI architectures, local agreements about their implementation, and the development of shared vocabularies, can make large groundwater data networks interoperable at each level. An outstanding challenge remains at the semantic level, where very few reusable vocabularies have been established both within and between respective data networks, as well as in the international community overall. Another significant challenge involves architectural expansion, to complement the existing SDI architecture with LOD approaches. A specific concern with LOD in the context of water data interoperability is the granularity problem: which resolution of data should be exposed as a web-indexed entity? For example, should each of the millions of sensors be exposed, or each of the billions of readings taken by those sensors? Another concern is the connectivity and scalability of data: how best to make linkages between data sources without centralizing the data into a common material (vs virtual) RDF repository? This is a problem in the groundwater domain especially, because relevant information is often distributed among various databases maintained by different agencies:
for example, information about a water well itself, as well as about related features such as sensors or aquifers, is rarely available from one database or agency, yet it is often essential to have the full suite of information at hand for key activities such as resource management. Despite these anticipated challenges, the current state of North American groundwater interoperability represents a significant achievement: the first edition of an interoperable USA-Canada groundwater data network.
